ABSTRACT: To reveal the feeding habits of 3 bivalve species and the effects on the sediment and benthic diatoms, a field experiment was conducted in the estuarine Gamo lagoon, Japan, using enclosures stocked with bivalves. The surface-deposit feeder Macoma contabulata reduced silt -clay, total nitrogen, and total organic carbon content and the δ 13 C value of the sediment, while the surfacedeposit feeder Nuttallia olivacea and the suspension feeder Ruditapes philippinarum did not. The surface-deposit feeders reduced phytobenthic biomass (chlorophyll a, chl a) and diatom density at the sediment surface and increased the C/N ratios of the sediment. In contrast, R. philippinarum increased chl a although it decreased benthic diatoms, suggesting the promotion of microalgal growth other than diatoms. All the bivalve species reduced the densities of the dominant diatom species differently, and M. contabulata decreased the species richness. Multidimensional scaling and 1-way analysis of similarity revealed that the bivalves specifically modified the abundances and composition of the diatoms in relation to their feeding habits, while the relative diatom species abundances hardly changed. These data suggest that the bivalves show little selectivity when they ingest benthic diatoms. A 2-source mixing model using δ 13 C values revealed that benthic diatoms were the more important carbon source (> 69%) for the deposit-feeding bivalves, both in natural habitats and in enclosures. In contrast, R. philippinarum obtained 61% carbon from suspended solids (SS) in the natural habitat, whereas in the enclosures it obtained 62% carbon from benthic diatoms. The dietary change of this species might be related to the supply of SS and resuspended sediment.
INTRODUCTION
In estuaries, suspended organic particles, including phytoplankton, are precipitated onto the sediment surface (Heip et al. 1995) . A considerable biomass of autochthonous microphytobenthos, one of the most important primary producers in shallow unvegetated estuarine flats, is also found at the sediment surface , Cahoon 1999 . The microphytobenthic community is often dominated by benthic diatoms, which are a particularly important food source for benthic consumers (Plante-Cuny & Plante 1986 , Cahoon 1999 ). These autochthonous and allochthonous organic particles are used as food sources by suspension-and deposit-feeding animals (Heip et al. 1995) .
Characteristics of sediment, such as grain size distribution, organic content, and microphytobenthic biomass, including benthic diatoms, are frequently modified by benthic consumers through their feeding behavior and feces/pseudofeces excretion (reviewed by Rhoads 1974 , Lopez & Levinton 1987 , Graf & Rosenberg 1997 . Among benthic consumers, bivalves are an important link in the estuarine food chain from primary producers to epibenthic consumers (Heip et al. 1995) and are one of the most important bioturbators in soft bottom environments (Rhoads 1974 , Graf & Rosenberg 1997 . In fact, many ecologists have shown that bivalve species modify sediment properties and microphytobenthic biomass differently in relation to their feeding ecologies (Tsuchiya & Kurihara 1980 , Swanberg 1991 , Page et al. 1992 , Bartoli et al. 2001 . In general, surface-deposit feeders ingest potential food items at the sediment surface and, as a result, reduce the organic content and/or microalgal biomass (Tsuchiya & Kurihara 1980 , Page et al. 1992 , Smith et al. 1996 , Hillebrand et al. 2000 . In contrast, suspension feeders collect organic particles in the water column and deposit feces and pseudofeces, which are rich in organic matter, onto the sediment surface (i.e. biodeposition; reviewed by Graf & Rosenberg 1997) . Therefore, in order to elucidate the bioturbation effects of a benthic animal, it is necessary to understand which materials the animal actually assimilates and from which the animal collects food items.
It has been reported that some infaunal animals could modify the community structure of benthic microalgae as a result of highly selective feeding (Smith et al. 1996 , Hillebrand et al. 2000 , Hagerthey et al. 2002 . Particle collection, filtration, and rejection by bivalves are often highly selective processes (Self & Jumars 1988 , Defossez & Hawkins 1997 , Navarro & Thompson 1997 , Sobral & Widdows 2000 ; therefore, if a bivalve is a highly selective feeder, it might affect microphytobenthic species in different ways, and the community structure would change in a fixed manner in response to the bivalve species. However, little is known about the relationships between bivalves and the community structure of benthic microalgae (e.g. Page et al. 1992) .
Three bivalve species, Ruditapes philippinarum, Nuttallia olivacea, and Macoma contabulata, are the dominant bivalves in a shallow estuarine lagoon, Gamo (Japan) (Kurihara et al. 2000) . R. philippinarum is a typical infaunal suspension feeder (Defossez & Hawkins 1997 ) that has a short inhalant siphon located at or below the sediment surface (G. Kanaya pers. obs.). This species is expected to have a biodeposition effect on the sediment surface, for instance, the enrichment of fine organic particles and microalgal biomass, as is reported for the other suspension-feeding bivalves (Swanberg 1991 , Graf & Rosenberg 1997 , Navarro & Thompson 1997 , Bartoli et al. 2001 ). In contrast, M. contabulata and N. olivacea seem to be surface-deposit feeders, but little is known about their feeding habits. In the Gamo lagoon, one can observe that M. contabulata extends a long inhalant siphon about 3 to 5 cm from the burrow and collects food items in the vicinity of the burrow during low tide. Thus, this species would be a surface-deposit feeder and is expected to remove organic materials and microphytobenthos from the sediment surface, as is reported for the other deposit-feeding bivalves (e.g. Page et al. 1992) . N. olivacea had also been reported as a surfacedeposit feeder (Tsuchiya & Kurihara 1980) , while Akiyama (1988) has suggested that the species is better adapted to filter feeding than M. contabulata, based on their morphological differences. Thus, N. olivacea would be a more facultative deposit feeder than M. contabulata and is expected to modify the sediment properties differently.
In this study, a field experiment was conducted in the lagoon using enclosures stocked with these bivalves. At the end of the experiment, sediment properties were analyzed and benthic diatoms at the sediment surface were collected. In order to examine the feeding ecology of the bivalves, carbon and nitrogen stable isotope analyses, which are widely used to trace food sources of animals (e.g. Couch 1989 , Page 1997 , Kurata et al. 2001 , were also conducted. Specifically, the aims of this study were to (1) test the effects of the bivalves on sediment characteristics, (2) define the feeding habits of Macoma contabulata and Nuttallia olivacea, (3) reveal the main food sources of the bivalves, and (4) estimate the effects of the bivalves on the benthic diatom community structure, in relation to feeding ecology.
MATERIALS AND METHODS
Study sites and organisms. The shallow estuarine brackish Gamo lagoon (0.11 km 2 ) is situated on the north side of the Nanakita River estuary in NE Japan (Fig. 1) . A stone levee with 3 water gates restricts water exchange. The salinity fluctuates tidally from near 0 to over 30 psu (Kurihara et al. 2000) . Stn E, located in a semi-closed shallow inlet, was selected for the field experiment (Fig. 1) . The area is relatively undisturbed since there were no or only minimal tidal currents. The minimum water depth at Stn E was 10 cm at mean low low water.
Ruditapes philippinarum, Nuttallia olivacea, and Macoma contabulata are the dominant bivalves in the Gamo lagoon and sometimes found together (Kurihara et al. 2000) . Their mean densities in the lagoon were 105 (R. philippinarum), 531 (N. olivacea), and 183 (M. contabulata) ind. m -2 (G. Kanaya unpubl. data). M. contabulata prefers a muddier habitat than the other 2 species (ranges of silt -clay content in their natural habitat: R. philippinarum; 2 to 28%; N. olivacea; 1 to 23%; and M. contabulata; 2 to 67%; G. Kanaya unpubl. data).
Experimental set-up. The field experiment was conducted from 15 August to 14 November 2001 at Stn E. Adult Ruditapes philippinarum, Nuttallia olivacea, and Macoma contabulata were collected at Stns R, N, and M ( Fig. 1) , respectively, where they occurred at the highest respective densities. Silt -clay contents at the Stns R, N, and M were 3.3, 2.0, and 5.4%, respectively (n = 1). After 12 h of incubation in the laboratory with lagoon water (23 to 25°C), dead or low-activity individuals were removed. Subsequently, shell lengths were measured using calipers (± 0.1 mm accuracy). N. olivacea (37.4 ± 4.2 mm) and M. contabulata (38.4 ± 4.6 mm) were similar in shell length, whereas R. philippinarum (23.9 ± 3.8 mm) was smaller (Bonferroni's multiple comparison, p < 0.05) ( Table 1 ). For stable isotope analyses, 3 individuals of each bivalve species were also collected at the stations and kept frozen (-20°C).
Plastic pots (23.5 cm i.d. × 19.5 cm depth) were used as enclosures that were filled up to 1 cm from the top with sieved azoic sand (<1 mm mesh; silt -clay, 0.6 ± 1.0%; TOC, 0.09 ± 0.02%; n = 5) collected at Stn S located in the sand dune (Fig. 1) . Initial δ 13 C value of the sediment was -23.7 ± 0.3 ‰ (n = 3). A total of 20 enclosures (4 treatments by 5 replicates) were buried into the sediment at 1 m intervals in a square area (4 × 5 m). Openings of the enclosures were kept 5 cm above the ambient sediment to maintain submergence. Four treatments were assigned to the 4 rows in the plots: (1) control (0 bivalves enclosure , +Mac). The enclosures were coded C1 to C5 (control), R1 to R5 (+Rud), N1 to N5 (+Nut), and M1 to M5 (+Mac). The bivalve density in the enclosures (250 ind. m -2 ) was 2.5 and 1.4 times higher than the mean densities in the lagoon for R. philippinarum and M. contabulata, while less than half for N. olivacea (G. Kanaya unpubl. data). Environmental homogeneity in the area was checked after the experiment. Tidal current was uniformly low in the area (< 2 cm s -1 ), and the raised enclosure lip did not affect the current. Silt -clay content of the ambient sediment beside the enclosures was 4.3 ± 1.4% (n = 20) and did not differ significantly among either the treatments or the repli- cates (2-way ANOVA, df = 3, 4, 12, F = 1.67, 1.81, p > 0.05).
At the end of the experiment, the bivalves were collected using a 1 mm mesh sieve. One individual from each enclosure was frozen (-20°C) for stable isotope analyses, while the others were preserved in 4% neutralized formalin for shell length measurements using calipers (± 0.1 mm accuracy). Shell length increased by 7 to 12 mm over the period for each species (t-test, p < 0.001, Table 1 ). Macoma contabulata showed relatively high mortality compared to the other 2 species (Table 1) , and 1 enclosure in the +Mac treatment (M3) was excluded from further analyses since 50% of the added bivalves were dead.
Analytical methods. A 0 to 1 cm section of the sediment was taken using a core (2.8 cm i.d.) from each enclosure at the end of the experiment (14 November 2001). The sediment was dried (70°C, 48 h) and weighed for total organic carbon (TOC), total nitrogen (TN), and silt -clay content analyses. TOC and TN contents were determined using an elemental analyzer (NC-2500; CE Instruments) after an acid treatment with 1 M HCl to remove carbonates. Silt -clay content was measured by wet sieving (0.063 mm mesh). An additional sediment core (2.8 cm i.d.) was taken from each enclosure. Chl a in the 0 to 1 cm section was extracted with 90% acetone, transferred into pure hexane, and the concentration was determined using a spectrophotometer (Model 101; HITACHI) at wavelengths of 663 and 750 nm (Whitney & Darley 1979) . Chl a data were evaluated in triplicate for each treatment, since some of the samples could not be analyzed successfully.
Stable isotopic analyses. The bivalves collected from the natural habitats (15 August 2001) and from the enclosures (14 November 2001) were regarded as the 'initial' and 'final' samples, respectively. After being thawed at room temperature for 4 h, bivalve muscle was picked out, rinsed in Millipore water, and freezedried (24 h). The sample was ground into a powder and treated with a chloroform-methanol mixture solution (2:1 by volume) for 24 h to remove lipids. The solution was removed by filtering through a precombusted GF/F filter (500°C, 2 h). At the end of the experiment, a 0 to 1 cm section of the sediment was taken using a core (2.8 cm i.d.) from each enclosure. The sediment was dried (70°C, 48 h) and treated with 1 M HCl to remove carbonates. To collect suspended solids (SS), lagoon water was sampled at Stn E during ebb tide on 19 November 2001. Bulk SS in the water was collected by filtering through a precombusted GF/F filter (500°C, 2 h). Lagoon water was also sampled at Stn A ( Fig. 1 ) during ebb tide on 20 August, 15 October, and 13 November 2001. These samples were regarded as representatives of the lagoon water, which was discharged into the river during ebb tide. The water was filtered in sequence through 250, 75, and 25 µm meshes. The fraction passing through the 25 µm mesh and the particles remaining on the meshes were filtered through a precombusted GF/F filter (500°C, 2 h) and coded as SS1 (< 25 µm), SS2 (25 to < 75 µm), and SS3 (75 to < 250 µm). To collect benthic diatoms, sediment (0 to 1 cm depth) was sampled at the tidal flat close to Stn A on 23 June, 20 July, 25 August, and 22 December 2001, in triplicate, and coded as BD1, BD2, BD3, and BD4, respectively. Benthic diatoms in the sediment were extracted with the aid of their phototactic movement (Couch 1989) . At Stn A, the microphytobenthic community was primarily dominated by diatoms during the period (> 99%), and 76 ± 18% of the diatoms were pennate and non-araphic (E. Nobata unpubl. data). Since the method mainly extracts motile microalgae, including pennate, non-araphic diatoms (T. Toya unpubl. data), the samples would be representative of the microphytobenthic community at the station. During the isotopic analyses, 3 replicated samples for BD2, BD3, and BD4 were analyzed together; the δ 15 N value of BD4 was not measurable, since the quantity of samples was lower.
All samples were freeze-dried (24 h) and kept in a freezer (-20°C) until the analyses. Carbon and nitrogen stable isotope ratios were determined using a mass spectrometer (DELTA plus; Finnigan Mat). Isotope ratios are represented in the delta notation, such that:
where R is the 13 C/ 12 C or 15 N/ 14 N ratio for δ 13 C or δ 15 N, respectively. Peedee belemnite and atmospheric nitrogen were used as references for δ 13 C and for δ 15 N, respectively. Analysis errors were within ± 0.2 ‰ for both δ 13 C and δ 15 N. For each bivalve species, the percentage contributions of SS and benthic diatoms as their carbon sources were estimated using a simple linear, 2-source mixing model (Phillips & Koch 2002) 
where the subscripts X, Y, and M represent 2 food sources and the mixture (bivalve), respectively; f represents the fractional contribution of carbon from each food source to the bivalve's diet, and Δ 13 C tissue -X is the trophic enrichment. We assumed the SS and benthic diatoms as 2 main food sources and the trophic enrichment as 0.5 ‰ (France & Peters 1997) . The mean δ 13 C values of SS, benthic diatoms, and the bivalves (both initial and final) were used.
Benthic diatoms. Surface sediment (0 to 1 cm depth) in each enclosure was collected using a corer (2.8 cm i.d.) at the end of the experiment and was preserved in 2% glutaraldehyde. After the sample was diluted, diatoms were identified to genus and to species, if possible (based on Mizuno 1964 , Yamaji 1966 , Takano 1990 , Kojima et al. 1995 , Chihara & Murano 1997 , and were counted using a phase contrast microscope (×400).
Statistics. Data are given as means with standard deviations. A 1-way analysis of variance (ANOVA) was used to investigate differences among the treatments, and the Bonferroni a posteriori test was used for pairwise comparisons. Homogeneity of the data was tested by the Bartlett test and, when necessary, log 10 (x + 1) or square root transformation was performed. Changes in stable isotopic values of the bivalves and the enclosure sediment during the period were tested by a t-test. Community structures of benthic diatoms were examined with nonmetric multidimensional scaling (MDS) using the software PCORD (McCune & Mefford 1999) . Differences in the community structure among treatments were tested by a 1-way analysis of similarities (ANOSIM) using the software PRIMER (Clarke & Gorley 2001) . MDS and 1-way ANOSIM analyses were conducted based on the Bray-Curtis similarity index, calculated from both the absolute and relative abundance data sets.
RESULTS

Sediment characteristics
The sediment environmental factors significantly differed among the treatments (1-way ANOVA, Table 2 ). Silt -clay, TN, and TOC contents (Fig. 2) were 40 to 45% lower in the +Mac treatment than in the control (Bonferroni's multiple comparison, p < 0.05), while there were no significant differences among the +Rud, +Nut, and control treatments (p > 0.05). The silt -clay content in the +Mac treatment (2.9 ± 0.1%) was significantly lower than those in the control (4.6 ± 0.8%), +Rud (3.9 ± 0.8%), and +Nut (4.6 ± 0.7%) treatments (Fig. 2a) . The silt -clay contents in the control, +Rud, and +Nut treatments were similar to those of the ambient unenclosed sediment (4.3 ± 1.4%). Mean diatom density in the +Mac treatment was approximately onethird and in the +Rud and +Nut treatments was approximately two-thirds the density in the control (Bonferroni's multiple comparison, p < 0.05, Fig. 3b ). We found no significant difference in benthic diatom density between the +Rud and +Nut treatments (Bonferroni's multiple comparison, p > 0.05); however, chl a was 1.5 to 2 times higher in the +Rud treatment than in the +Nut and +Mac treatments (p < 0.05, Fig. 3a) . Sediment C/N ratios were also significantly higher in the presence of Nuttallia olivacea (9.4 ± 0.5) and Macoma contabulata (9.2 ± 0.5) than in the control (8.3 ± 0.3) (Bonferroni's multiple comparison, p < 0.05, Fig. 3c ). 
Diatoms
We found ≥ 26 diatom species of 10 to 80 µm cell sizes in the enclosures (Table 3) ; other microalgae such as cyanobacteria and green algae were rarely found (<1% of the total microalgae). The benthic diatom community was dominated by pennate diatoms such as Navicula trivialis, Synedra acus, and Amphora sp. 1 (38, 16, and 9.9% of the total diatoms, respectively); the species composition was similar to those in the natural sediment at Stn A during the period, but was very different from that of the lagoon water (E. Nobata unpubl. data). Thus, a large proportion of the diatoms found in the enclosures seemed to be primarily benthic.
The bivalves significantly changed the density of several of the 8 dominant diatom species (1-way ANOVA, Table 4 ), albeit with different intensities (Fig. 4) . All the bivalve species significantly reduced the densities of Synedra acus and Amphora sp. 1 (Bonferroni's multiple comparison, p < 0.05), while only Macoma contabulata reduced the densities of Navicula trivialis, Nitzschia sp. 1, and Triblionella sp. (p < 0.05). Species richness of benthic diatoms was also significantly changed by the bivalves (1-way ANOVA, see Table 4 ). Species richness was significantly lower in the +Mac treatment (14.4 ± 1.8) than in the control (18.2 ± 1.9) (Bonferroni's multiple comparison, p < 0.05, Fig. 5 ), while it did not differ among the +Rud (15.4 ± 0.9), +Nut (16.0 ± 1.4), and control treatments (p > 0.05). Some of the rare diatom species disappeared in the presence of M. contabulata, whereas the dominant species did not.
The MDS plot using absolute abundances clearly showed the species-specific modification of the benthic diatom community by the bivalves (Fig. 6a) , and a Table 3 . Taxa, approximate cell size (longest length of the cell) and mean density (n = 19) of benthic diatoms found at the sediment surface. P: pennate diatom; C: centric diatom 1-way ANOSIM demonstrated that the community structure differed significantly among the treatments (Global R = 0.664, p < 0.001, Table 5 ). On the MDS plot, the samples in the control and +Mac treatments were distinctly separated from each other, and the samples in the +Nut and +Rud treatments were intermediate between the control and +Mac treatments. Pairwise comparison of 1-way ANOSIM found significant differences in the diatom community structure among treatments (p < 0.05, Table 5 ), except between the +Nut and +Rud treatments (p > 0.05). The MDS plot using relative abundances showed that the samples in each treatment were not separated clearly from each other (Fig. 6b) , and a 1-way ANOSIM could not detect significant differences among the treatments (Global R = 0.078, p > 0.05, Table 5 ).
Stable isotope ratios
As shown in Fig. 7 , the final δ 13 C values of the bivalves (Ruditapes philippinarum, -18.9 ± 0.3 ‰; Nuttallia olivacea, -18.1 ± 0.8 ‰; and Macoma contabulata, -17.9 ± 1.3 ‰) were much closer to those of benthic diatoms (BD1, -15.6 ± 1.0 ‰; BD2, -15. values of SS, benthic diatoms, and enclosure sediment ranged from 7.3 to 9.1 ‰ (SS1, 9.1 ± 1.2 ‰; SS2, 7.3 ± 1.0 ‰; SS3, 8.3 ± 0.9 ‰; and SS at Stn E, 7.4 ± 4.3 ‰), 5.3 to 7.6 ‰ (BD1, 5.6 ± 1.5 ‰; BD2, 7.6 ‰; and BD3, 5.3 ‰), and 7.5 to 7.7 ‰ (control, 7.7 ± 0.2 ‰; +Rud, 7.5 ± 0.3 ‰; +Nut, 7.5 ± 0.2 ‰; and +Mac, 7.6 ± 0.2 ‰), respectively. δ 13 C values of Ruditapes philippinarum significantly increased during the experiment (initial, -20.5 ± 0.1 ‰; final, -18.9 ± 0.3 ‰; t-test, df = 4, t = -9.53, p < 0.001), while those of Nuttallia olivacea and Macoma contabulata did not (df = 4, t = -0.70 and -0.07, p > 0.05, respectively). A 2-source mixing model estimated that R. philippinarum gained more carbon from SS (61%) in the natural habitat, while more from benthic diatoms (62%) in the enclosures. In contrast, the deposit-feeding bivalves gained more carbon from benthic diatoms both at the natural habitats (N. olivacea, 69%; M. contabulata, 75%) and in the enclosures (N. olivacea, 73%; M. contabulata, 76%). δ 15 N values of the bivalves also showed a tendency to shift (Fig. 7) , but the changes were not significant (t-test, df = 4; R. philippinarum, t = -1.75; N. olivacea, t = -0.66; and M. contabulata, t = 0.79; p > 0.05). The isotopic values of the bivalves seemed to approach the same point, approximately -17.5 ‰ for δ 13 C and 10 ‰ for δ 15 N. Sediment δ 13 C values in the control (-22.4 ± 0.3 ‰), +Rud (-22.6 ± 0.4 ‰), and +Nut (-22.4 ± 0.3 ‰) enclosures had significantly increased from the initial value (-23.7 ± 0.3 ‰) during the period (t-test, df = 6; control, t = 6.61, p < 0.001; +Rud, t = 4.04, p < 0.01; +Nut, t = 5.88, p < 0.01), while not in the +Mac enclosures (-23.7 ‰, df = 5, t = -0.04, p > 0.05). The final sediment δ 13 C values differed significantly among the treat- Table 5 . A 1-way analysis of similarities (ANOSIM) showing significant differences in the benthic diatom communitystructure among the 4 treatments based on the Bray-Curtis similarity index, calculated from the absolute and relative abundances of benthic diatoms. The number of permutations was 999 ments, while δ 15 N values did not ( Table 2 ). The value in the +Mac treatment was 1.1 to 1.4 ‰ lower than those in the other treatment (Bonferroni's multiple comparison, p < 0.05, Fig. 7) , while there were no significances among the control, +Rud, and +Nut treatments (p > 0.05).
DISCUSSION
Sediment modification
Our data showed that sediment modifications by bivalves clearly differed among the 3 studied species. Only Macoma contabulata sharply reduced silt -clay, TN, and TOC contents (Fig. 2) , suggesting that it depends more on surface-deposit feeding than Nuttallia olivacea. The lowest diatom density (Fig. 3b) also indicated that M. contabulata imposed the highest feeding pressure on the sediment. N. olivacea did not change the silt -clay, TN, and TOC contents, although the benthic diatom densities were significantly reduced. N. olivacea conducts deposit feeding, as well as M. contabulata; however, N. olivacea might be more selective about food during ingestion and/or digestion and, as a result, bioturbate the sediment differently.
Ruditapes philippinarum was expected to cause biodeposition; however, it did not increase the organic content, but reduced the diatom density like the deposit feeder Nuttallia olivacea (Figs. 2 & 3) . These figures indicate that this species could ingest a certain amount of the benthic diatoms, although it apparently does not directly siphon them. It has been reported that resuspension of the sediment provides benthic diatoms to benthic suspension feeders (Plante-Cuny & Plante 1986 . In our experiment, wind waves may have disturbed the raised enclosure sediment, and the siphon currents of R. philippinarum could also have resuspended the sediment near the burrow. Ingestion of the resuspended particles by R. philippinarum would make the biodepositional effects inconspicuous. Considering the smaller shell size (i.e. lower biomass, Table 1 ), R. philippinarum possibly has a much higher feeding pressure on benthic diatoms than does N. olivacea.
Chl a content was significantly higher in +Rud although the benthic diatom decreased (Fig. 3) . It implies that microalgae other than diatoms increased at the sediment surface. During laboratory observations, we sometimes found filamentous macroalgae (remaining on a 0.25 mm mesh, unidentified, <1 cm long) in the control and +Rud sediment (not quantitative data). The algal mats possibly contributed to the high chl a content. It has been reported that some suspension-feeding bivalves promote nutrient release from the sediment and increase the microalgal biomass (Swanberg 1991) . Thus, Ruditapes philippinarum might promote the growth of phytobenthos at the sediment surface.
The δ 13 C value and C/N ratio are widely used as source indicators of organic matter in aquatic ecosystems (e.g. Fry & Sherr 1984 , Meyers 1994 , Thornton & McManus 1994 . Sediment δ 13 C value in the control (-22.4 ‰), +Rud (-22.6 ‰) , and +Nut (-22.4 ‰) enclosures increased significantly from the initial value (-23.7 ‰), but not in the +Mac treatment (-23.7 ‰) . The carbon stable isotopic enrichments would be due to the increase in benthic diatoms with high δ 13 C values (-19.4 to -15 .2 ‰) during the period. It seemed that the lower final sediment δ 13 C values in the +Mac treatment reflect the decrease of benthic diatoms under high feeding pressure. C/N ratios were also higher in the +Nut and +Mac treatments (9.4 and 9.2) than in the control (8.3, Fig. 3c ). It has been reported that the C/N ratio of microalgae ranges from 3 to 8 in general (Meyers 1994) , while those of deposited SS were 9 to 10 in the Gamo lagoon (Toya 1997 , Kurata et al. 2001 . Therefore, the high C/N ratios should also be due to the removal of benthic diatoms with low C/N ratios. In the +Rud enclosures, increasing phytobenthic biomass (chl a) would offset the decrease of benthic diatoms.
In conclusion, our data revealed the importance of infaunal bivalves as consumers of benthic diatoms and the strong connection between the bivalve species identity and benthic diatoms, regardless of their feeding mode. Our data also showed that suspensionfeeding bivalves are potentially strong reducers of benthic diatoms, as well as surface-deposit feeders. In this study, the inter-or intra-species interactions among bivalves were not considered. Therefore, the combined effects of bivalves must be known, in order to understand their role as bioturbators in natural environments.
Benthic diatoms
Our data showed that the total densities of benthic diatoms were reduced differently by the 3 bivalve species (Fig. 3b) . All the bivalve species significantly reduced the densities of Synedra acus and Amphora sp. 1, while Macoma contabulata specifically reduced the densities of Navicula trivialis, Nitzschia sp. 1, and Triblionella sp. (Fig. 4) . Furthermore, the high feeding pressure of M. contabulata on the sediment surface reduced the species richness of the benthic diatom assemblage, while the deposit-feeder, Nuttallia olivacea, and the suspension-feeder, Ruditapes philippinarum, did not (control, 18.2; +Rud, 15.4; +Nut, 16.0; +Mac, 14.4; Fig. 5) . These results imply a specific modification of the benthic community structure by the bivalve species in relation to their feeding ecology.
MDS and 1-way ANOSIM (Fig. 6, Table 5 ) showed that the bivalve species modified diatom community structures in different ways by changing the abundances and composition, whereas they hardly changed the relative abundances. Microphytobenthos are known to have various cell sizes (>100 to 3 µm) and various life forms, e.g. attached to sand grains versus mobile (Reise 1992) ; however, these results imply that the feeding activities of bivalves, such as particle collection, filtration, and rejection, occur with low or no selectivity toward the diatom species. Our results were similar to a previous study using a deposit-feeding bivalve (Macoma nasuta). Page et al. (1992) reported that M. nasuta did not clearly change the relative abundance of benthic diatom species, although it sharply reduced the total diatom density.
In conclusion, infaunal bivalves, especially for surface-deposit feeders, would play an important role in structuring the benthic diatom community in shallow, soft-bottom environments. However, the feeding behaviors of deposit-and suspension-feeding bivalves seem to exhibit little to no selectivity towards benthic diatoms compared to other benthic consumers, such as amphipods, polychaetes, and gastropods (Connor & Edgar 1982 , Smith et al. 1996 , Hillebrand et al. 2000 , Hagerthey et al. 2002 .
Food sources of bivalves
Values of δ 13 C generally remain nearly constant throughout the food chain, or there is a ~1 ‰ enrichment with each trophic step (Fry & Sherr 1984) , whereas δ
15 N values increase about 3 to 4 ‰ with each trophic transfer (Minagawa & Wada 1984) . Thus, the δ 13 C value of a consumer is expected to be close to that of its assimilated diet.
Final δ 13 C values of Nuttallia olivacea (-18.1 ‰) and Macoma contabulata (-17.9 ‰) were much closer to those of benthic diatoms (-19.4 to -15.2 ‰) than to that of SS (-25.0 to -22.7 ‰) or the enclosure sediment (Fig. 7) . Final δ 15 N values of N. olivacea (10.2 ‰) and M. contabulata (11.4 ‰) were 3 to 6 ‰ higher than those of benthic diatoms (5.3 to 7.6 ‰), probably reflecting trophic enrichment. A 2-source mixing model confirmed that N. olivacea and M. contabulata gained > 69% of the carbon from benthic diatoms (< 31% from SS), both in natural habitats and in the enclosures. Therefore, benthic diatoms should be the more important food source for the deposit-feeding bivalves in the lagoon.
Both Ruditapes philippinarum and Nuttalia olivacea reduced diatom density (Fig. 2) and had similar final δ 13 C values (-18.9 ‰ and -18 .1 ‰, respectively), which were much closer to those of benthic diatoms (-19.4 to -15.2 ‰) than to that of the SS (-25.0 to -22.7 ‰) (Fig. 7) . Judging from the isotopic value shifts during the period, which approached a common value (Fig.  7) , the 3 bivalve species appeared to assimilate the same diet in the enclosures. A 2-source mixing model also estimated that 61% of the carbon of R. philippinarum (final) was derived from benthic diatoms. However, we should be careful about surmising food sources, since suspension feeders sometimes have δ 13 C values 3 to 5 ‰ higher than those of SS (Fry & Sherr 1984) . In our study, the finer fraction of SS (SS1) seemed to be more important to the diet, since R. philippinarum selectively rejects larger particles (> 7.5 to > 22.5 µm) as pseudofeces (Defossez & Hawkins 1997) . Considering the δ 15 N values, those of R. philippinarum (final; 9.7 ± 0.2 ‰) did not agree with the expected value when it primarily assimilated the SS1 fraction (9.1 ± 1.2 ‰). Therefore, R. philippinarum appears to predominantly assimilate benthic diatoms in the enclosures.
It was also remarkable that the δ 13 C value of Ruditapes philippinarum significantly increased (1.6 ‰) during the period. A 2-source mixing model estimated that contribution of SS-derived carbon to R. philippinarum decreased from 61% (initial) to 39% (final). The dietary change may partially be caused by the stimulated resuspension of the benthic diatoms being due to the raised enclosure sediment. Another possible factor is the lower tidal currents at Stn E (< 2 cm s ). Therefore, SS in the water column may be easily used up at Stn E, and, in this case, benthic diatoms would become a more important diet. Although the mechanisms are still unknown, the relative dietary importance of SS and benthic diatoms for suspension feeders could be changed in relation to the supply of SS and resuspended sediment.
